Loss of E-cadherin has been associated with human cancers, and yet in the early mouse embryo and the lactating mammary gland, the E-cadherin null state results in tissue dysfunction and cell death. Here we targeted loss of E-cadherin in skin epithelium. The epidermal basal layer responded by elevating P-cadherin, enabling these cells to maintain adherens junctions. Suprabasal layers upregulated desmosomal cadherins, but without classical cadherins, terminal differentiation was impaired. Progressive hyperplasia developed with age, a possible consequence of proliferative maintenance in basal cells coupled with defects in terminal differentiation. In contrast, hair follicles lost integrity of the inner root sheath and hair cuticle without apparent elevation of cadherins. These findings suggest that, if no compensatory mechanisms exist, E-cadherin loss may be incompatible with epithelial tissue survival, whereas partial compensation can result in alterations in differentiation and proliferation.
C
lassical cadherins function in intercellular adhesion, polarization, and differentiation. The prototype is E-cadherin, a transmembrane protein that makes calcium-dependent homotypic adhesive interactions, known as adherens junctions (AJs) (1, 2) . To establish efficient cell-cell junctions, E-cadherin uses its cytoplasmic domain to couple to catenins and the actin cytoskeleton. This association sets the classical cadherins apart from desmosomal cadherins, which form a more robust adhesive interaction (desmosome) through linking to plakoglobin, desmoplakin, and the intermediate filament cytoskeleton (3, 4) .
Many cells display AJs and desmosomes, which function coordinately in epithelial sheet formation (5) . Whereas desmosomes are particularly important in tissues such as muscle and epidermis that undergo substantial mechanical stress, AJs have a prominent role in remodeling epithelial cell-cell interactions. This is especially critical in early development, as reflected by the blastula defects that occur when E-cadherin is targeted for ablation in mouse (6) .
AJs also participate in regulating the balance between proliferation and differentiation. Down-regulation and͞or mutations in E-cadherin and ␣-catenin occur in a number of different tumors (7, 8) , and multiple mechanisms have been uncovered in controlling this link (9) (10) (11) . Thus it is surprising that loss-offunction mutations in the E-cadherin gene result in cell death in mouse blastocysts (6) and in lactating mammary gland (12) . Adding to these complexities, many cell types express multiple cadherins, which in at least some cases do not seem to be functionally equivalent (7, (11) (12) (13) (14) .
To gain further insights into E-cadherin function, we have engineered and analyzed a conditional knockout (KO) of Ecadherin in epidermis and its appendages. Here, we report on the striking differences by which epidermis and hair follicles handle the loss of this critical protein. Through analyses of these different stem cell lineages in skin, we have obtained insights into our understanding of how some tissues respond to E-cadherin loss by progression to hyperproliferation, whereas others lose integrity and degenerate. pups were smaller and displayed reduced activity as well as alterations in whisker size and number ( Fig. 1A ; see below). Pups with these phenotypic aberrations were genotypically null for the normal E-cadherin allele, which resulted in near quantitative loss of protein (Fig. 1B) . Immunofluorescence revealed the absence of anti-E-cadherin labeling in skin epithelium (Fig. 1C) . These data corroborated the efficacy of the targeting event.
Toluidine blue-stained semithin sections of newborn KO skin revealed only minor changes in epidermal architecture ( Fig. 1  D and DЈ) . All four morphologically distinct differentiation stages were visible: a single basal layer of proliferative cells, differentiating desmosome-rich spinous layers, a keratohyalin granule-rich granular layer, and the dead enucleated stratum corneum layers at the skin surface. In some regions of newborn KO skin (e.g., those shown here), the epidermis appeared similar to WT, but in others, it was thickened. In addition, intercellular membrane gaps were sometimes seen between basal and spinous layers and often near downgrowths of developing KO follicles (arrows in Fig. 1EЈ ). However, most cells within the basal layer appeared to establish normal contacts even at the ultrastructural level (not shown).
Overall, the morphological defects in E-cadherin null epidermis were significantly less severe than those of ␣-catenin null epidermis, conditionally targeted with the same K14-Cre animals (10) . To probe more deeply into the molecular explanation underlying this difference, we first tested for possible expression of other classical cadherin proteins. Anti-N-cadherin immunofluorescence was not detected in either WT or KO newborn skin epithelium (data not shown). Intriguingly, however, whereas anti-P-cadherin immunoreactivity is normally strong only in hair follicle downgrowths (17) , it was strong throughout the KO basal epidermal layer (Fig. 2AЈ) . Although overexposure revealed only very weak anti-P-cadherin in the KO suprabasal cells, this was not seen in WT skin. Western blot analyses verified that this change was not merely a reflection of antigen unmasking as a consequence of the loss of E-cadherin but rather a bona fide increase in P-cadherin protein (Fig. 2IЈ) .
The paucity of P-cadherin and absence of E-cadherin in the suprabasal layers led us to wonder whether AJ formation might be compromised in spinous cells. To test this possibility, we conducted immunofluorescence with antibodies against other AJ proteins. As shown in Fig. 2 B-D , the basal layer of both WT and KO epidermis displayed similar fluorescence intensities with antibodies against ␣-, ␤-, and p120-catenin. In contrast, suprabasal layers of KO, but not WT, epidermis exhibited a marked decrease in AJ antibody fluorescence. As judged by Western blot analysis, ␣-and ␤-catenin levels were consistently decreased in KO epidermis (Fig. 2I) . The reduction was always more striking for ␣-catenin, consistent with the facts that (i) ␤-but not ␣-catenin can associate with desmosomes (18) , and (ii) the cytoplasmic pools of ␤-catenin are larger (9) . These factors may also explain why p120-catenin protein levels were largely similar between WT and KO epidermis, despite a reduction in intensity of anti-p120 immunoreactivity in suprabasal KO cells.
Although overall AJ protein levels were down-regulated suprabasally, desmosomal cadherins were up-regulated in KO spinous layers. This was true at the levels of both immunofluorescence ( Fig. 2E ) and Western blot (Fig. 2I ). Although overall levels of desmoplakin and plakoglobin were largely similar between KO and WT epidermis (Fig. 2 F and G), these proteins are not components of the core plaque but rather are involved in linkage of desmosomes to the intermediate filament cytoskeleton (3, 4) .
In addition to the decrease in AJ proteins and increase in desmosomal cadherins, anti-keratin 6 immunoreactivity was seen in some suprabasal cells of E-cadherin null epidermis ( Fig.  2 H and I) . Characteristic of hyperproliferative skin, this feature correlated with the increased thickness of KO epidermis, which became more pronounced with age (see below).
To assess whether the changes in adhesive components of KO skin epidermis might influence other aspects of differentiation, we examined normal differentiation-specific markers of the tissue. Because basal cells withdraw from the cell cycle and commit to differentiate, they switch off expression of keratins 5 and 14 and switch on K1 and K10. KO epidermis still executed this switch at the proper stage in differentiation ( Fig. 3 A and AЈ) . Similarly, the spinous cell marker involucrin was also expressed in a pattern similar to WT epidermis ( Fig. 3 B and BЈ) .
As cells move toward the skin surface, they remain transcriptionally active, and in the granular layer, they express profilaggrin, which is processed to filaggrin as keratinohyalin granules form. Granular cells also express loricrin, a major constituent of the cornified envelope that serves as a scaffold to organize the lipids of the epidermal barrier. Despite the morphological presence of a granular layer, anti-filaggrin and anti-loricrin immunoreactivity were down-regulated in KO relative to WT epidermis ( Fig. 3 C and DЈ) . Western blot analyses revealed very little processed filaggrin (27 kDa) as well as reduced loricrin levels (Fig. 3E) . These granular layer perturbations were suggestive of a defect in the epidermal barrier. The defect was likely to be mild, because animals with overt barrier function defects dehydrate and die shortly after birth (19) , whereas E-cadherin conditionally null mice sometimes survived to adulthood. We return to this point below. In the adult, the most dramatic defect of E-cadherin conditionally null animals was not at the skin surface, but rather in their hair coat (Fig. 4) . Animals also tended to be smaller and displayed abnormally short and misshapen whiskers and sparse pelage hairs. Such abnormalities made mosaic animals distinctive.
The defects in hair coat were not due to an inability to initiate placodes or progress through the early stages of follicle morphogenesis. By postnatal day 10, mature follicles had formed in normal numbers and spacing and at first glance, WT and KO skin appeared similar (Fig. 4 E and F) . Closer inspection revealed that hairs lacking E-cadherin were abnormally short and fragile, and the orifices were not always properly formed (arrows in Fig. 4 E  and F) . Additionally, whereas the long WT follicles of the growth (anagen) phase were readily captured within the plane of sectioning, this was not the case for KO follicles, reflecting their bent irregular shape (arrowheads in Fig. 4 F and G) .
The second hair cycle normally initiates at Ϸ3 wk of age. Thereafter, follicles cycle regularly although less synchronously, leading to a mixture of cycling and resting follicles in adult backskin. At these ages, it was readily apparent that with each postnatal hair cycle, the E-cadherin conditionally null follicles became progressively more aberrant. By 1.5 mo, the divergence in angling was striking (Fig. 4G, arrowheads) . In addition, whereas 1.5-mo WT skin displayed regularly spaced hair follicles (not shown), KO skin exhibited expanded interfollicular gaps, and by 4 mo, only remnants of follicles were detected (Fig. 4 G and H). In addition, increased cellularity was detected in the dermis along with a reduction in subcutaneous fat.
Normal adult skin is typically thinner than newborn skin, a difference manifested primarily in the suprabasal layers (data not shown; see ref. 20) . As E-cadherin null epidermis aged, however, many regions remained thickened (Fig. 4H) . Adult KO epidermis displayed suprabasal anti-K6 immunoreactivity (not shown; see Fig. 2H ), as well as a marked increase in the number of basal cell nuclei positive for the proliferating nuclear antigen Ki67 (Fig. 4 I and J) . Overall, these differences were indicative of a hyperproliferative state.
To begin to understand how a loss of E-cadherin could lead to progressive hyperproliferation in epidermis but progressive loss of hair follicles, we analyzed the expression patterns of cadherins and differentiation-specific markers in the hair follicle. Fig. 5A provides a schematic of the concentric rings of differentiating hair follicle cells that arise from the proliferative compartment (matrix), which is in contact with the specialized mesenchyme (dermal papilla) at the base of the follicle. Because the program of differential cadherin expression is comparable in whisker and backskin follicles, we show data for whiskers, where layers are more readily distinguished.
In normal skin, matrix, outer root sheath (ORS), cortex, and medulla express both P-and E-cadherin (Fig. 5 B and C) (21) . In contrast, other follicle regions express E-and not P-cadherin (17) . In E-cadherin null follicles, the pattern and levels of P-cadherin appeared largely unchanged (Fig. 5D) , as did that of Dsg1,2 (data not shown). In this regard, KO follicles behaved differently than KO epidermis.
Colabeling with anti-P-cadherin and antibodies against the differentiation-specific markers enabled us to assess differentiation and identify precisely which KO follicle layers lacked both E-and P-cadherin. In contrast to the epidermis, the programs of differentiation were largely indistinguishable for KO and WT follicles, at least at early stages, which permitted assessment of primary rather than secondary effects (Fig. 5 E-G ; data shown for KO follicles).
The single layer of companion cells is readily identified by anti-K6 antibodies (Fig. 5E ). This layer marked the boundary between P-cadherin-positive ORS and -negative inner root sheath (IRS). The transcription factor GATA-3, which identifies the Huxley layer and IRS cuticle (16) , revealed a two-layer gap between GATA-3-positive cells and P-cadherin-positive ORS (Fig. 5F ). These two P-cadherin-negative layers are the Henley and companion layers (Fig. 5A) . Finally, colabeling with the hair keratin marker AE13 showed that all but the outermost (cuticle) layer of the shaft was also positive for P-cadherin (G). Taken together, these data established a zone of P-and E-cadherinnegative cells that encompassed the companion layer, IRS, and hair shaft cuticle of the KO follicle.
Ultrastructural analyses revealed the structural consequences associated with the loss of both P-and E-cadherin. As expected, the bulb of the E-cadherin null follicle displayed intact intercellular adhesion with normal AJs (Fig. 6A ; for extensive data on WT follicles, see refs. 16 and 22) . Just above the pocket of dermal papilla cells, however, adhesive defects were obvious. Although the largest intercellular gaps (Fig. 6A, asterisks) were in the Huxley layer of the IRS, AJs were missing between the companion layer and the electron-dense Henle layer and between the Henle layer and the trichohyalin-rich Huxley layer (Fig. 6B) . The finger-like connections between these layers were desmosomes, which were intact and in comparable numbers to WT follicles. Desmosomes were abundant in KO Henle-Henle cell junctions as they are in WT, and correspondingly, adhesion between Henle cells was largely intact (Fig. 6 B and C) . A paucity of AJs was also seen in intercellular contacts between the trichohyalin-rich IRS cuticle and the hair shaft cuticle (Fig. 6D; compare with Fig.  6E ). Thus, layers that lacked both P-and E-cadherin exhibited significant defects in AJs, leading to a loss of integrity and a corresponding distortion of follicle structure.
Discussion
Defects in skin epithelium have been described for loss-offunction mutations in ␣-and ␤-catenin (10, 23) . However, in those cases, E-cadherin remained at cell-cell borders, and either the Ras-MAPK pathway (␣-catenin) or Lef1͞␤-cateninmediated signaling (␤-catenin) was affected. This has made it difficult to assess the extent to which catenin-related defects arise from alterations in cell-cell junctions per se. Moreover, null mutations in P-cadherin resulted in no overt abnormalities in skin, and even when desmoglein 3 was also missing, no new skin defects surfaced (24) . Thus, although genetic studies have documented the importance of desmosomes in skin (4, 5, 25) , the role of AJs in this tissue has remained elusive.
Our studies now reveal the deleterious consequences of reducing AJs in the IRS, hair cuticle, and suprabasal epidermal layers. Interestingly, although normal cellular function was compromised in all these compartments, the outcomes were markedly different. In the lower IRS and hair cuticle, desmosomes were too few to maintain membrane sealing and prevent structural aberrations. Although additional explanations are possible, the selective loss of IRS and hair cuticle integrity is sufficient to cause a secondary loss of hair follicles, because ORS, cortex, and medulla alone cannot sustain follicle structure (26). The hyperproliferative defects in epidermis were distinct not only from the IRS but also from the lactating mammary gland (12) and blastocyst (6) , all of which exhibited cell degeneration and͞or loss of tissue integrity. They also differed from Pcadherin null mice, which displayed precocious differentiation in mammary gland and no skin defects (14, 24) . The molecular explanation underlying this paradoxical difference is complex. In the suprabasal layers, the loss of E-cadherin was accompanied by a reduction in ␣-and ␤-catenins, reflective of a corresponding reduction in AJs. However, the concomitant increase in desmosomal cadherins coupled with the natural abundance of desmosomes in spinous layers seemed to explain the preservation of KO spinous layer integrity. This said, these adhesive changes were not fully compensatory, as best exemplified by the failure to properly execute terminal differentiation. Although quantitative loss of epidermal barrier results in dehydration and death, mild defects are often counterbalanced by hyperproliferation and thickening (26, 27) , similar to what we observed in older E-cadherin null skin.
Precisely how hyperproliferation arises in aging E-cadherin null epidermis is likely to be important in understanding why decreases in cadherin expression are widely associated with human cancers. It has been speculated that by uncoupling ␤-catenin from its partner cadherin, Wnt signaling could be activated, contributing to tumorigenesis (8) . In skin epidermis, constitutively stabilized ␤-catenin can lead to hyperproliferation and thickening, but it is also accompanied by follicle-like downgrowths (28) not observed in our KO animals. An alternative possibility is that by up-regulating P-cadherin, KO basal cells maintain AJs, survive, and counterbalance the terminal differentiation defects by hyperproliferating.
Our results are interesting in light of the many cancers involving alterations in the expression of classical cadherins (7, 8) . Although future studies will be necessary to fully appreciate the functional relation between E-and P-cadherins, our studies suggest that if mutations in E-cadherin are accompanied by cadherin compensation in progenitor cells but not their differentiating offspring, the prognosis can be prolonged hyperplasia and͞or dysplasia, which could in turn lead to tumor progression.
Note Added in Proof.
A recent E-cadherin conditional KO using Krox20-Cre resulted in postnatal defects in adult mice. Defects included perturbations in epidermal adhesion and hair follicles (29) .
